Kinetic control of macromolecular interactions plays key roles in biological regulation. An example of such control occurs in cotranslational protein targeting by the signal recognition particle (SRP), during which the SRP RNA and the cargo both accelerate complex assembly between the SRP and SRP receptor FtsY 10 2 -fold. The molecular mechanism underlying these rate accelerations was unclear. Here we show that a highly conserved basic residue, Lys399, on the lateral surface of FtsY provides a novel RNA tetraloop receptor to mediate the SRP RNA-and cargo-induced acceleration of SRP-FtsY complex assembly. We propose that the SRP RNA, by using its tetraloop to interact with FtsY-Lys399, provides a transient tether to stabilize the early stage and transition state of complex formation; this accelerates the assembly of a stable SRP-FtsY complex and allows the loading of cargo to be efficiently coupled to its membrane delivery. The use of a transient tether to increase the lifetime of collisional intermediates and reduce the dimension of diffusional search represents a novel and effective mechanism to accelerate macromolecular interactions.
K inetic control of macromolecular interactions plays key roles in biological regulation. An example of such kinetic control is found during the cotranslational targeting of proteins to cellular membranes (1) , during which the signal recognition particle (SRP) recognizes ribosome-nascent chain complexes (RNCs) containing signal sequences (1) (2) (3) , and delivers the RNC to the target membrane via interactions with the SRP receptor (4, 5) . The functional core of SRP is comprised of an SRP54 protein and an SRP RNA. SRP54 (Ffh in bacteria) contains a methionine-rich M domain that recognizes signal sequences and binds the SRP RNA (6) (7) (8) . In addition, both Ffh and the SRP receptor (FtsY in bacteria) contain GTPase, NG-domains that directly interact with each other to mediate SRP-FtsY complex assembly (9, 10) . As cotranslational protein targeting must be completed before the nascent polypeptide exceeds approximately 140 amino acids in length (11, 12) , this imposes a 3-5 s time window for the targeting reaction and mandates that the SRP-FtsY interaction, which is responsible for delivering the cargo to the target membrane, must occur rapidly upon loading of cargo on the SRP.
Formation of a stable SRP-FtsY complex is a dynamic process involving at least two distinct steps (13) : (i) the initial rapid association between Ffh and FtsY to form a transient, GTP-independent early intermediate (13) , and (ii) the GTPdependent rearrangement of the early intermediate to a stable complex (13) . This rearrangement requires the removal of steric blocks imposed by the N-terminal helices of both Ffh and FtsY (14) (15) (16) . In addition, the N domains of both proteins move closer to one another and form stabilizing interactions at the heterodimer interface (9, 10) . Finally, the two bound GTP molecules need to be correctly aligned, forming a cyclic pair of hydrogen bonds with each other across the dimer interface (9, 10).
Due to the extensive rearrangements required to form a stable SRP-FtsY complex, this process is extremely slow (17, 18) . This barrier is overcome by the SRP RNA, which accelerates complex formation 200-fold (17, 18) . Intriguingly, the effect of the SRP RNA is purely catalytic, as it also accelerates complex disassembly without changing the equilibrium stability of the SRP-FtsY complex (17) . This is the first example of an RNA molecule catalyzing a protein-protein interaction, and different models have been suggested to explain its mechanism of action. One class of models postulates that the SRP RNA preorganizes the Ffh NG domain into a conformation more conducive to stable interaction with FtsY. A second class of models suggests that the SRP RNA provides a transient tether, either directly or indirectly, that holds the two GTPases together during the transition state of their complex assembly (17) . Nevertheless, no direct evidence is available to support either the "preorganization" or "transient tether" model.
To distinguish between these models and understand the precise mechanism underlying the rate acceleration provided by the SRP RNA, we need to identify the structural motifs and the molecular interactions essential for mediating the catalytic effect of SRP RNA. Thus far, the conserved GGAA tetraloop of the SRP RNA provides the strongest candidate. This tetraloop is conserved throughout bacterial, archaeal, and eukaryotic SRPs, and its mutations abolish the ability of the RNA to accelerate SRP-FtsY complex formation in vitro (13, 19) and block protein targeting in vitro and in vivo (13, 20) . Hydroxyl radical probing experiments further suggested that the tetraloop is located near the Ffh-FtsY heterodimer interface (21) , suggesting that it could interact with the Ffh or FtsY GTPase.
In addition to the SRP RNA, the cargo for the SRP, RNCs with strong signal sequences, further accelerate the SRP-FtsY interaction 100-to 400-fold (22) . Together, the SRP RNA and the cargo raise the SRP-FtsY assembly rate constant to over 4 × 10 6 M −1 s −1 (22) , a range appropriate to support cotranslational protein targeting. The molecular mechanism by which the cargo stimulates SRP-FtsY complex assembly is not understood. Nevertheless, the SRP RNA, through its close proximity to the signal sequence binding site (6) and the ribosome (23) (24) (25) (26) and its ability to communicate with the GTPases, provides a likely candidate to mediate the cargo-induced stimulation. This is supported by the recent observation that a signal peptide stimulates SRP-FtsY complex formation only in the presence of the SRP RNA (27) .
Here we show that a highly conserved basic residue, Lys399 on FtsY, interacts with the SRP RNA to stabilize the early intermediate and the transition state of SRP-FtsY complex assembly. These data provide direct evidence for a transient tether mechanism to explain the catalytic effect of the SRP RNA on this protein-protein interaction. Further, mutation of FtsY-Lys399 largely abolishes the ability of cargo to stimulate the SRP-FtsY interaction, indicating that interaction of the RNA tetraloop with FtsY-Lys399 provides a key contact that mediates the cargo-induced stimulation of SRP-FtsY complex assembly.
Results
Basic Residues Away from the Ffh-FtsY Dimer Interface Enable Efficient SRP-Receptor Complex Assembly. In a previous structurefunction analysis, the results of biochemical analyses agreed well with the crystal structure of the Ffh-FtsY complex: Mutations of conserved residues at or near the dimer interface severely disrupted complex formation, whereas mutation of residues away from the interface had no significant effects (9, 28) . A notable exception to this were the mutants K399A (9, 28), R402A, and K406A. These residues are on the lateral surface of FtsY and together form a continuous patch of basic surface on the Gα2-helix (Fig. 1A, in spacefill) . Although these residues are ≥15 Å away from the heterodimer interface, their mutations severely disrupted the kinetics of SRP-FtsY complex formation. In a wellestablished GTPase assay, the rate constant of the reaction: SRP þ FtsY → products (k cat ∕K m ) was reduced 82-fold for mutant FtsY-K399A (Fig. S1 , open vs. closed circles). FtsY-R402A and K406A also caused significant, albeit modest reductions in k cat ∕K m (6-and 5-fold, respectively; Fig. S1 ). As the k cat ∕K m values in this assay equal the association rate constants to form a stable SRP-FtsY complex (18) , these results suggest that these basic residues, especially FtsY-Lys399, play a crucial role in SRP-FtsY complex formation.
To independently test this conclusion, we directly measured SRP-FtsY complex formation using fluorescence resonance energy transfer (FRET) between donor and acceptor labeled Ffh and FtsY (13) . To uncouple complex formation from GTP hydrolysis, the nonhydrolyzable GTP analog 5 0 -guanylylimidodiphosphate (GppNHp) was used to assemble a stable SRP-FtsY complex. The complex assembly rate constant was 120-fold slower with mutant FtsY-K399A than with wild-type FtsY (Fig. 1B) , providing direct evidence that FtsY-Lys399 plays an essential role in accelerating complex formation. Mutant FtsY-K399A also had a deleterious effect on complex disassembly, reducing the dissociation rate constant 36-fold (Fig. 1C) . In contrast, the equilibrium stability of the SRP-FtsY complex, either calculated from the dissociation and association rate constants or directly measured by equilibrium titration (Fig. S2) , was reduced only approximately 3-fold by the FtsY-K399A mutation [ Fig. S2 and (17)].
FtsY-Lys399 Functionally Interacts with the 4.5S RNA Tetraloop. The roles of FtsY-Lys399 are reminiscent of those of the SRP RNA; i.e., accelerating both complex formation and dissociation without significantly changing the equilibrium stability of the complex. This suggests that Lys399 interacts, directly or indirectly, with the SRP RNA tetraloop to enable acceleration of complex assembly. If this were true, then the effects of FtsY-Lys399 and the RNA tetraloop should be cooperative; i.e., they contribute to complex assembly only when both motifs are present. To test this hypothesis, we compared the effect of the FtsY-K399A mutation with wild-type SRP and mutant SRP(GAAU), in which the GGAA tetraloop was replaced by GAAU and the SRP-FtsY complex formation rate constant was reduced 120-fold ( Fig. 2A,  squares) . Indeed, FtsY-Lys399 no longer contributes to complex formation in the presence of mutant SRP(GAAU) ( Fig. 2A) . As a control, mutation of other residues that disrupt the SRP-FtsY interaction, such as FtsY-E475K or FtsY-T307W (9, 28), still slowed down complex assembly with SRP(GAAU) (Fig. S3) . These results strongly support a functional interaction between FtsY-Lys399 and the RNA tetraloop in the transition state of complex assembly.
We recently found that the SRP RNA stabilizes the early intermediate that precedes the stable SRP-FtsY complex, and this stabilization directly correlates with the ability of the RNA to accelerate complex assembly (13) . If FtsY-Lys399 mediates the RNA-induced acceleration of complex formation, then FtsY-Lys399 should also play an important role in stabilizing the early intermediate. To test this possibility, we isolated the early intermediate by assembling the complex in the absence of nucleotides (13) , and monitored its formation using FRET. The early complex formed by FtsY-K399A had an estimated K d value of ≥48 μM, over 6-fold weaker than that formed by wild-type FtsY (Fig. 2B) . Further, whereas either the FtsY-K399A or the SRP(GAAU) mutation alone significantly destabilized the early complex, these mutations did not cause additional defects when the other mutation was already present (Fig. 2C) . Thus, FtsY-Lys399 also functionally interacts with the RNA tetraloop to stabilize the early intermediate. (cpSRP54 and cpFtsY, respectively), but cpSRP54 does not bind the SRP RNA (29) . We recently showed that the NG domains of the SRP and FtsY GTPases can interact with their heterologous binding partners across species (30) . However, the interaction of Escherichia coli Ffh with cpFtsY cannot be stimulated by the SRP RNA (30) , suggesting that cpFtsY has lost the structural element that responds to the SRP RNA. Sequence analysis showed that Lys399 is highly conserved among prokaryotic and eukaryotic SRP receptors, but is replaced by uncharged amino acids in cpFtsYs (Fig. 3A) . We therefore reasoned that, if FtsY-Lys399 interacts with the SRP RNA, then mutation of the corresponding Ala233 to lysine in Arabidopsis thaliana cpFtsY should allow its interaction with Ffh to be stimulated by the SRP RNA.
We therefore tested the ability of the reversal mutant cpFtsY-A233K to interact with E. coli Ffh with and without the SRP RNA (Fig. 3B) . Values of k cat ∕K m in the GTPase assay were used as indices for the rate of stable complex formation. Mutant cpFtsY-A233K interacted with and stimulated the GTPase activity of Ffh, with rate constants comparable to that of wild-type cpFtsY (Fig. 3B, open circles) (30) . Interestingly, whereas the reaction of wild-type cpFtsY with Ffh is RNA-independent (30), the SRP RNA stimulated the reaction of mutant cpFtsY-A233K with Ffh 8-fold (Fig. 3B, closed circles) . Although we did not restore the full extent of stimulation by the SRP RNA, this was not unexpected given the heterologous nature of the Ffh-cpFtsY interaction and the evolutionary divergence in the precise location or orientation of cpFtsY residue 233 that could have occurred in the RNAless cpSRP pathway. The ability of the SRP RNA to stimulate the interaction of Ffh with the cpFtsY-A233K reversal mutant provided independent evidence that the SRP RNA interacts with FtsY-Lys399 to stimulate complex formation.
Electrostatic Interactions Drive RNA-Stimulated Complex Assembly.
The high density of positive charge on and surrounding FtsYLys399 (Fig. 1A) raises the possibility that electrostatic interactions of this basic site with the backbone phosphates of the SRP RNA play a major role in accelerating SRP-FtsY complex assembly. A hallmark of macromolecular interactions driven by electrostatic attractions is that their rate constants are highly sensitive to ionic strength (31) . We therefore tested the effect of ionic strength on the SRP-FtsY complex assembly kinetics using the FRET assay (Fig. 4 and Fig. S4 ). Indeed, the complex assembly rate constants decreased 15-fold when the ionic strength was increased from 50 to 250 mM (Fig. 4A and Fig. S4A ). Although we could not vary the ionic strength above 250 mM without disrupting protein structure, the ionic strength dependence of complex assembly kinetics that we observed within this range was comparable to those found in systems where electrostatics plays a major role in macromolecular association (31) . In contrast, complex assembly in the absence of the SRP RNA was affected less than 2-fold ( Fig. 4B and Fig. S4B ). These results strongly suggest that the rate-limiting step for complex assembly is strongly dictated by electrostatic interactions with the SRP RNA.
FtsY-Lys399 Mediates the Cargo-Induced Stimulation of SRP-FtsY
Complex Assembly. A model cargo for SRP, RNC exposing the FtsQ signal sequence (RNC FtsQ ), accelerates SRP-FtsY complex formation another 100-to 400-fold (22) . Importantly, in the presence of RNC FtsQ mutant FtsY-K399A had an even greater deleterious effect, reducing the complex assembly rate constant 1800-fold (Fig. 5A) . The stimulatory effect from the cargo was reduced to only approximately 5-fold in the presence of mutant FtsY-K399A, in contrast to the 100-fold stimulatory effect of RNC FtsQ in the presence of wild-type FtsY (Fig. 5A , Lower) (22) . Thus FtsY-Lys399 plays a crucial role in mediating the cargo-induced stimulation of SRP-FtsY complex assembly.
We showed that RNC FtsQ substantially stabilizes the early intermediate (22) , and this stabilization is a key to the cargoinduced stimulation of SRP-FtsY complex assembly. We therefore tested whether FtsY-Lys399 is required to stabilize the RNC-SRP-FtsY early targeting intermediate. With wild-type FtsY, cargo-loaded SRP formed a stabilized early complex with a K d value of 76 nM (Fig. 5B, circles) (22) . In contrast, the early targeting intermediate formed by FtsY-K399A was 26-fold less stable than that by wild-type FtsY (Fig. 5B, squares) . Moreover, the FRET value of the RNC-SRP-FtsY early intermediate was approximately 0.3 with mutant FtsY-K399A (Fig. 5B, Inset) , much lower than that with wild-type FtsY (approximately 0.7; Fig. 5B , circles) (22) . This observation, together with the slower complex assembly kinetics with FtsY-K399A, suggests that the early targeting intermediate formed by FtsY-K399A is in a different conformation and likely mispositioned. Thus FtsY-Lys399 is crucial for stabilizing and properly orienting the GTPases in the early targeting intermediate. Together, these results strongly suggest that FtsY-Lys399 is essential for mediating many of the cargo-induced allosteric regulations on the SRP-FtsY GTPase complex. Consistent with its crucial roles, mutant FtsY-K399A severely inhibited the targeting and translocation of SRP-dependent protein substrates across the microsomal membrane (Fig. S5) (32) .
Discussion
The SRP RNA is universally conserved and essential for cotranslational protein targeting. An important role of this RNA is to accelerate the interaction between the SRP and SRP receptor GTPases, allowing them to form a stable complex at rates suitable for cotranslational protein targeting. This is the first example of an RNA accelerating a protein-protein interaction, and the precise mechanism underlying this unprecedented catalytic effect was not completely understood. Here we showed that FtsY-Lys399 on the lateral surface of the FtsY G-domain provides a key site that mediates the SRP RNA-induced stimulation of complex assembly. Further, this site also provides a key link that couples the binding of cargo to efficient SRP-receptor interactions.
How does FtsY-Lys399 mediate the stimulatory effect of the SRP RNA? Although several mechanisms are possible, a direct interaction between the RNA tetraloop and FtsY-Lys399 Fig. 4 . Effect of ionic strength on the Ffh-FtsY complex assembly kinetics in the presence (A) or absence (B) of the SRP RNA, determined using the FRET assay. All the reactions also contain 50 mM K þ and 2 mM Mg 2þ , therefore, the ionic strength was increased from 50 to 250 mM. The complex assembly rate constants were obtained from the data in Fig. S4 . provides the simplest and most likely model. This is supported by multiple evidences. (i) Our results here established a functional link between the SRP RNA tetraloop and FtsY-Lys399, as their effects were only observed when both sites are present and functional. Further, both sites affect the same stages of the SRP-FtsY interaction, stabilizing the early intermediate and the transition state for complex assembly, without affecting other stages. (ii) Structural probing experiments showed that the RNA tetraloop can gain close proximity to the FtsY G-domain in the SRP-FtsY complex (21) . Residue 359, adjacent to the ϵ-amino group of Lys399 (Fig. 1A) , cleaved the RNA tetraloop when tethered with Fe-EDTA. Residue 392 (Fig. 1A) cleaved nucleotides immediately preceding the tetraloop. (iii) Comparisons with the RNAless cpSRP system further support a direct Lys399-RNA interaction. In cpSRP, the M-domain of cpSRP54 replaces the SRP RNA to accelerate its complex assembly with cpFtsY (30) . Intriguingly, the SRP RNA and the cpSRP54 M-domain only stimulate complex assembly with their homologous SRP receptors (30) . This specificity strongly suggests that specific sites have coevolved in FtsY (or cpFtsY) that allow each receptor to interact with the SRP RNA or the M-domain in their respective pathway. The findings here that Lys399 is conserved among cytosolic SRP receptors but diverged in the cpFtsYs, and that an A → K reversal mutation of the corresponding residue in cpFtsY restores the RNA-stimulation of complex assembly strongly supports FtsYLys399 as the RNA-interaction site. Finally, the high density of positive charges on and surrounding Lys399 provides an attractive site for electrostatic interactions with the RNA backbone, and the rate constants of SRP-FtsY complex assembly exhibits a strong ionic strength dependence consistent with a major role of electrostatic interactions in complex assembly. Alternative models to explain the effects of FtsY-Lys399 are possible, but such models would invoke a role of FtsY-Lys399 in mediating rearrangements that, in turn, allows the SRP RNA to interact with another site.
A direct interaction between the SRP RNA and FtsY-Lys399 provides strong support for the transient tether model, and suggests a simple and elegant mechanism to account for the catalytic effect of the SRP RNA on SRP-FtsY complex formation (Fig. 6 ).
Because free Ffh and FtsY by themselves exist in conformations suboptimal for stable complex assembly (28, 33) , their initial association to form the early intermediate, though rapid (13), is not sufficient to give a stable complex. The conformational changes required to form the stable complex occur on a much slower time scale (0.5-1 s) than the lifetime of the early intermediate (<16 ms) (13) . The SRP RNA, by interacting with FtsY-Lys399 in the early intermediate, can temporarily hold both proteins together and prevent their premature dissociation (Fig. 6, upper vs. lower pathways) . This prolongs the lifetime of the intermediate, thus increasing the probability that a successful rearrangement takes place before the intermediate disassembles. This tethering interaction might also restrict the translational and rotational degrees of freedom with which the two GTPases explore different conformations (Fig. 6 , upper vs. lower pathways) and thus facilitates their subsequent rearrangement. Once the stable complex is formed, the interaction between the RNA tetraloop and Lys399 likely dissolves (Fig. 6) , as the RNA tetraloop does not significantly affect the stability of the final stable complex.
Macromolecular assemblies often begin with transient intermediates formed by inelastic collisions in which both binding partners engage in relative rotatory diffusions to bring the correct interacting surfaces into appropriate opposition. The principle that formation of such intermediates could reduce the dimension of diffusional search and thus provide significant rate enhancements was supported by theoretical and experimental work (34) (35) (36) (37) . Our finding here, that a transient tether can be used to increase the lifetime of transient intermediates and thereby accelerate protein-protein interactions, represents a natural extension of this principle and a simple and effective mechanism to enhance the kinetics of macromolecular recognition. This mechanism bears some resemblance to facilitated target site binding by the lac repressor and other transcriptional factors (38) , in that in both cases the initial interactions are low affinity but serves to effectively reduce the dimension of "search" to achieve the final, correct interaction. In principle, such a transient tether can be provided by either a nucleic acid or protein molecule (see below). Nevertheless, the polyanionic nature of nucleic acids could allow them to engage in relatively long-range electrostatic interactions that do not have highly stringent stereochemical requirements, and hence might make them particularly suitable for providing transient tethering interactions that need to be broken at later stages.
The SRP and SRP receptor belong to a unique family of GTPases activated by nucleotide-dependent dimerization (GADs) (39) . Intriguingly, although direct interaction between the GTPase sites occur or have been proposed in almost all members of this family, dimerization of these GTPases are often mediated at least in part by motifs away from the GTPase module. For example, dimerization of MnmE is driven primarily by interactions between its N-terminal domains whereas the GTPase sites transiently contact one another during the transition state of GTP hydrolysis (40) . In a bacterial dynamin-like protein, motifs away from the GTPase domain-the paddle and tip domains-engage in more extensive intermolecular interactions than the GTPase modules at the dimer interface (41) . We speculate that the use of tethering interactions from sites away from the GTPase active site could be an important mechanism that facilitates "kissing" between G domains in the GAD family of proteins.
The SRP-FtsY interaction is further accelerated 100-to 400-fold by the cargo (22) . Together, the combined effect of the cargo and the SRP RNA brings the SRP-FtsY interaction kinetics to a range (>10 6 M −1 s −1 ) appropriate for cotranslational protein targeting in the cell. Here we found that disruption of the RNA tetraloop-Lys399 interaction largely abolishes the cargoinduced stimulation of the GTPase interactions, demonstrating that this interaction provides a key contact that mediates the cargo-induced acceleration of SRP-FtsY complex assembly. Further, with cargo-loaded SRP, FtsY-Lys399 has an even greater effect in stabilizing a productive early intermediate and in accelerating stable SRP-FtsY complex assembly, suggesting that the intrinsic energetic contribution of the RNA tetraloop-Lys399 interaction is significantly larger than that observed with free SRP. It is possible that the cargo could preorganize the SRP such that the RNA tetraloop is prepositioned to interact with FtsY-Lys399, thus activating the SRP for complex formation. In this way, the RNA tetraloop-Lys399 interaction provides a key link that transmits the information about cargo-binding in the SRP M-domain to the SRP and FtsY GTPases, thus turning on their GTPase cycles and driving the rapid delivery of cargo to the target membrane.
Materials and Methods
Material. E. coli Ffh, FtsY, and SRP RNA were expressed and purified using established procedures (18) . Mutant proteins and SRP RNA were constructed using the QuickChange mutagenesis protocol (Stratagene). Fluorescent dyes were from Invitrogen. RNC FtsQ was prepared and purified as described (42) .
GTPase Assay. The assay to measure the stimulated GTP hydrolysis reaction between SRP and FtsY have been described (18) . In general, reactions contained 100 nM Ffh, 200 nM 4.5S RNA (where applicable), 100-200 μM GTP (doped with γ-32 P-GTP), and varying concentrations of wild-type or mutant FtsY.
Fluorescence Experiments. Single cysteine mutants of Ffh and FtsY were labeled with N-(7-dimethylamino-4-methylcoumarin-3-yl)maleimide (DACM) and BODIPY-FL N-(2-aminoethyl)maleimide, respectively, and purified as described (13) . Fluorescence measurements were carried out on a FluoroLog-3-22 spectrofluorometer (Jobin-Yvon) in SRP buffer [50 mM KHEPES (pH 7.5), 150 mM KOAc, 2 mM MgðOAcÞ 2 , 2 mM DTT, and 0.01% Nikkol]. The rate and equilibrium constants for SRP-FtsY complex formation and dissociation were measured as described (13, 22) .
Translocation Assay. The protein targeting efficiency of wild-type FtsY and mutant FtsY-K399A were determined by a cotranslational translocation assay using preprolactin (pPL) as the model substrate, as described previously (32, 43) . Reactions were carried out using 1 μM FtsY and 2 eq of trypsindigested, salt-washed ER microsomal membrane.
